The novice is faced with a variety of questions. Is it better to use isotopic or nonisotopic methods? Should I use oligonucleotides or riboprobes? Can 33P be used in place of 35S? How can I be sure that my ISH signal is specific? What are the best controls for ISH? Are isotopic methods more sensitive than nonisotopic methods? What is the best double-labeling approach? How do I quanufy ISH?
These questions led to the conception of a workshop as a way to summarize the state of the art in ISH methodology. On August 13, 1993 , an intensive, one-day workshop on in situ hybridization was held in Bethesda, Maryland, as part of the annual meeting of The Histochemical Society. Papers based on topics covered in the workshop are presented in this issue of the Journal of Histocbemirtry ana' Cytocbemis&y. Workshop speakers focused on specific issues related to the selection of probes for ISH, controls, pitfalls of different ISH methods, sensitivity of radioactive vs nonradioactive methods, and data collection and analysis. A syllabus with annotated bibliographies and detailed laboratory protocols was used by the 160 workshop participants. The objective of the workshop was to present essential elements of ISH so that attendees could easily introduce ISH into their own research programs (hence the title, "Workshop on in situ hybridization: what you need to know to get it to work"). The commonly debated issue of "what method is the best to use?" was addressed by Josiah Wilcox, reviewing the principles of ISH and comparing ISH to Northern blot analysis for examination of gene expression in cells (8) . The major advantages of ISH are its ability to localize individual &As in individual cells and its maximal use oftissues, especially surgical biopsy specimens, in which hundreds of different hybridizations can be performed on the same tissue over a period of many years. Banks of pathological material prepared for ISH can be stored frozen and used for ISH in the future as new methods become available and new genes are cloned. Multiple ways of labeling oligonucleotides, cDNA and cRNA probes with both radioactive (3H, 32P, 33P, 35S) and non-radioactive ligands (biotin, alkaline phosphatase, digoxigenin, fluorescent) were discussed, with emphasis on a protocol used in his laboratory based on S-labeled riboprobes .
The fundamental question, "how do I select an oligonucleotide probe?" was discussed by William Stahl (7). He presented a strategy for identification and selection of oligonucleotide probes that target specific sequences of mRNA molecules, using as examples different mRNAs coding for Na,K-ATPase catalytic subunit isoforms. The consequences of sequence homology and mismatch between closely related isoforms were evaluated in relation to hybridization parameters such as salt and formamide concentrations, as well as post-hybridization washing conditions and Tm values.
The importance of using several oligonucleotide probes that each target different sequences of the same mRNA molecule was emphasized as an important criterion for ISH specificity.
Frequently encountered dilemmas are the questions of which method to use for double ISH, how best to combine radioactive and non-radioactive probes, and whether digoxigenin labeling is appropriate. Margaret Miller presented a detailed approach to double ISH for detection of two distinct mRNAs within the same tissue slice using a combination of digoxigenin-and radiolabeled cRNA probes (riboprobes) (6). Hybridization is carried out in a two-probe "cocktail." The tissue is processed f i i t to detect the digoxigenin probe with alkaline phosphatase, then followed by autoradiography to detect the radiolabeled probe. The use of (a) 200 mM dithiothreitol to reduce background in autoradiography and (b) a parlodion layer to reduce negative chemography was emphasized. CO-localization of mRNAs coding for vasopressin and galanin in the bed nucleus of stria terminalis and medial amygdala were demonstrated with this approach. The sensitivity of the digoxigenin-alkaline phosphatase and isotopic detection methods was comparable and the method is feasible for detection of mRNAs with relatively low levels of expression.
One of the first and most successful non-isotopic methods for ISH was the use of avidin-biotin to link the probe-hybrid to a colored reaction product. The question of how best to optimize the use of biotinylated probes for ISH was addressed by Bertrand Bloch ( 3 ) . In the most common variation of this method, biotinylated nucleotide derivatives are incorporated into the probe, with the biotin attached to a carbon spacer arm, although attaching the biotin at the 3' end of oligonucleotides is also possible. The sites of hybridization can be visualized with any of the reporter molecules commonly linked to avidin or streptavidin (e.g., alkaline phosphatase, colloidal gold). These methods are useful for frozen, semithin, and paraffin sections and can be applied to detection of two different "As when one oligonucleotide is labeled with a radioactive marker and another with 16-biotin-dUTP. The application of biotinylated probes to detect mRNAs coding for hormones and neuropeptides was described.
The emergence of fluorescence labeling methods for analysis of chromosomal physical maps has raised the question of the general suitability of fluorochromes as probes for ISH. Fluorescence in situ hybridization (FISH) against DNA and RNA target sequences was discussed by David Ward (1). In this approach, the nucleic acid probes are labeled with fluorochrome molecules and visualized with confocal laser scanning microscopy or, more simply, with cooled CCD cameras. Ordinary fluorescent microscopes are less suitable because of the relatively weak signals. Properly used, the FISH method appears to be capable of detecting just a few copies of a DNA molecule. The FISH approach has been successful in locating specific DNA sequences on individual chromosomes. Multiple cDNA probes, each labeled with a different fluorescent group, would in theory offer the possibility of detecting many different mRNA molecules in the same cell with a single set of hybridization and post-hybridization wash conditions. However, at this time the use of fluorescent probes for ISH of mRNA is unproven and awaits new developments in the future.
The widespread use of the polymerase chain reaction (PCR) in molecular biology raises the question ofwhether PCR can be adapted to preparing probes for ISH. Donald Pfaff and Philip Brooks described use of 200-300 base single-stranded cDNA probes, produced by amplified primer extension labeling, to detect low-abundance mRNA molecules (4). In this approach, the polymerase chain reaction is used to obtain a DNA fragment which is, in turn, used as a template for probe labeling, using a single anti-sense primer. The resulting single-stranded cDNA is labeled with 32P or 3H and is used to detect low-abundance neuropeptide heteronuclear RNA molecules by ISH. An advantage of this method is the feasibility of preparing oligonucleotide probes of exceptionally high specific activity. This permits the use of high-resolution 3H-labeled probes, which ordinarily are avoided in ISH because of the lengthy exposures required owing to the low energy of 3H. With this technique, 3H probes of high specific activity can precisely localize scarce target mRNAs with relatively short exposure periods.
A widely desired (but not well understood) aspect of ISH is quantification of the results obtained with film autoradiography. Denis Baskin discussed use of computer densitometry to analyze contact film autoradiographs obtained by ISH with radiolabeled probes (2). This procedure permits anatomic localization of hybridization sites and quantitation of hybridization by densitometry with common microcomputer image analysis systems. Basic principles as well as important requirements of imaging systems for quantitative film autoradiography, including both hardware and software, were stressed. The use of 33C-plastic standards for calibrating and standardizing 33P ISH was presented, along with discussion of controls and resolution as they relate to densitometry with computer video imaging systems.
Investigators who wish to quantify emulsion autoradiography by grain counting face many questions related to accuracy and approach. A new stereological method for analyzing autoradiographic grain counting data obtained by ISH was described by Joseph McCabe ( 5 ) . Classical stereological methods enable an investigator to determine the volume of an anatomic structure from microscopic images using relatively simple sampling procedures. Here, stereology is adapted to ISH grain counting in the brain, although the method is general and can be applied to any organ. An example was presented as a model so that the investigator can understand the procedure and adapt it to other situations. The strengths of this stereological method are its powerful mathematical and statistical basis and its extraordinary accuracy for determining relative changes in cellular mRNA.
The workshop concluded with a lively interactive panel discussion and question session. Differences of opinion emerged among speakers and participants about the relative sensitivity of radioactive vs nonradioactive methods and the importance of different controls and tissue preparation protocols in ISH. Several themes emerged during these discussions.
First, should one start with oligonucleotides or riboprobes? The decision about which type of probe to use is often a matter of personal choice or of what facilities and expertise are available to the investigator. Oligonucleotides are attractive because they are relatively inexpensive and their use requires little molecular biology expertise, but they are usually considered best suited for detection of relatively abundant "A.
Oligonucleotides are also easier to use for dual labeling of radioactive and non-radioactive probes when identification of two different mRNA molecules in the same cell is the goal. On the other hand, riboprobes are a practical choice if clones are available and the investigator has the facilities and expertise to use them. Riboprobes are often used for detecting relatively scarce mRNA, since they can be labeled to high specific activity. However, riboprobes require more expertise with molecular biological techniques and their large size presents more problems with specificity of ISH when families of related isoforms are being studied. PCR may offer an alternative method of preparing very high specific-activity oligonucleotide probes for detecting scarce "As.
In general, all aspects of probe labeling, hybridization, and controls tend to be simpler with oligonucleotides, and for this reason oligonucleotides are recommended as a first step for most novices.
Second, what is the best detection system to use? Should one start with radioactive or non-radioactive probes? There is no general agreement on this question. Once again, the choice depends on the investigator's situation. There is concurrence that radioactively labeled oligonucleotides are simple to use and produce unambiguous ISH results. They can also be evaluated relatively rapidly by contact film autoradiography before proceeding to grain localization with liquid emulsion autoradiography. The use of 33P significantly reduces film or emulsion exposure time and reduces background compared with %, and there is no apparent loss of resolution. However, handling and disposing of radioactivity is not without hazards and inconvenience, and the results of ISH usually require a lag of at least a few days before evaluation. Single-stranded cDNA probes are an alternative to riboprobes for detection of moderate-to low-abundance "As.
Single-stranded cDNA probes are at least as expensive as riboprobes but are somewhat less complex to synthesize. A thermocycler apparatus is required, and the sequences of amplified nucleic acids must be independently verified. Single-stranded cDNA probes, unlike cRNA probes, are not susceptible to degradation by RNAses.
In contrast, non-isotopic methods produce essentially instant results, a great asset when large numbers of slides are being processed for ISH. One can quickly run a few trial slides to determine if the ISH is optimum before committing many slides from an entire study to the procedure. Of the non-isotopic methods, digoxigenin with alkaline phosphatase is preferred for simplicity and reproducibility. Although digoxigenin methods are often accused of being less sensitive than radioactive probes, the results presented in the workshop suggest that with proper use digoxigenin may be equally as sensitive as radioactive probes. Several speakers and participants urged novices to start with digoxigenin-labeled oligonucleotides.
Third, what are the best controls for ISH? Interestingly, there was also no general agreement on this question among the workshop speakers. All commented that it is risky to draw conclusions from a negative result even with controls, but also that it is very easy to draw false conclusions from a positive result. The common "controls" used in ISH (e.g., RNAse, competition, sense probes) have limitations and must be interpreted cautiously. The use of multiple, non-overlapping probes to the same mRNA species is perhaps the strongest control for specificity of ISH for a particular "A.
Often neglected are the very powerful anatomic and physiological controls. For example, it is important to determine that the probe being used for ISH hybridizes to cells that are already known to express the mRNA of interest. Even stronger is the demonstration that the ISH signal changes experimentally in cells known to express the target mRNA under physiological conditions that are known to up-regulate or decrease the specific mRNA.
